To further enhance the mechanical, thermal, and tribological properties of short natural fiber-reinforced biopolymer composites, it is very critical to understand thermal properties of these biomass composites and their dynamic viscoelastic properties in the molten state. The aim of this study is to experimentally investigate the thermal properties of hemp fiber filled plant-derived polyamide 1010 composites and their dynamic viscoelastic properties in the molten state. It was found that the addition of HF with PA1010 has a strong influence on the thermal properties such as DMA, TGA, and DSC. HF is very effective for improving the thermal and mechanical properties. The effect of alkali treatment on the dynamic viscoelastic properties of the HF/PA1010 composites in the molten state differs according to whether alkali treatment uses silane coupling agent or not. The viscoelastic properties of NaClO 2 are higher than those of NaOH. Silane coupling agents have a remarkable influence on rheological properties such as storage modulus, loss modulus, and complex viscosity in the low angular frequency region in the molten state, temperature dependences of rheological properties, and relationship between the phase angle and complex modulus. These rheological behaviors are also strongly influenced by the type of silane coupling agents.
Introduction
Biopolymers and biomass polymer composites are drawing extensive interest not only as a solution for growing environmental threats but also as a solution for the depletion of petroleum in recent years [1] [2] [3] [4] . In addition, the supply of raw materials is becoming increasingly unstable as many biopolymers are made from edible biomass such as corn. In order to solve these problems, new engineering materials made of 100% inedible plant-derived materials are strongly required. Meanwhile, the investigation of short natural (plant) fibers such as banana fiber, flax fiber, hemp fiber, ramie fiber, and sisal fiber used for reinforced biopolymer composites have attracted great interest in recent decades [4] [5] [6] [7] [8] . These natural fibers have some ecological advantages over inorganic fibers such as carbon and glass fibers as they are renewable, light, recyclable, and biodegradable and can be incinerated [9] . In previous studies, we conducted the development of new engineering materials such as structural materials and tribomaterials (for mechanical sliding parts such as bearing, cum, gear, and seal) based on all plant-derived materials. In particular, we investigated the rheological, mechanical, and tribological properties of natural fiber-reinforced biopolymer composites such as hemp fiber (HF)-reinforced plant-derived polyamide 1010 (PA1010) biomass composites [10] [11] [12] [13] [14] [15] [16] [17] . PA1010 was made from sebacic acid and decamethylenediamine, which are obtained from plantderived castor oil [18] . As castor oil is not used for food, there is no competition with human food consumption. It was found that the mechanical and tribological properties of these composites are improved when filled with hemp fibers and surface-treated using silane coupling agent. However, in order to further enhance the mechanical, thermal, and tribological properties of the short natural fiber-reinforced biopolymer composites, it is very important to understand the thermal properties of these biomass composites and their dynamic viscoelastic properties in molten state such as process ability, heat resistance, crystallinity, internal adhesion, internal microstructures, and changes and structure-property relationships [19] [20] [21] . The aim of this study is to experimentally investigate the thermal properties of hemp fiberfilled plant-derived polyamide 1010 composites and their dynamic viscoelastic properties in the molten state. studied for the last two decades [3-8, 10, 11, 15-17, 22] . In particular, chemical methods such as alkali treatment (mercerization), silane treatment, and graft copolymerization and physical methods such as the corona treatment and the plasma treatment have been investigated in this field. However, only a few studies have been published on the effects of surface treatment on thermal properties of these biomass composites [14, [22] [23] [24] [25] [26] [27] . The majority of natural fibers have low degradation temperatures below 200°C, which make them inadequate for processing with thermoplastics at temperatures above 200°C [27] . To further enhance the mechanical, thermal, and tribological properties of the natural fiber-reinforced biopolymer composites, it is very critical to understand the thermal properties such as heat resistance, crystallinity, internal adhesion, internal microstructures, changes, and structure-property relationships of these materials. The aim of this study is to improve the performance of all inedible plant-derived materials for new engineering materials such as structural materials and tribomaterials. Thermal properties such as dynamic mechanical analysis (DMA), thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC) of hemp fiber-filled inedible plant-derived polyamide 1010 biomass composites were investigated experimentally.
Materials and methods
The materials used in this study were surface-treated hemp fiber-reinforced plant-derived polyamide 1010 biomass composites (HF/PA1010). Plant-derived polyamide 1010 (PA1010, Vestamid Terra DS16, Daicel Evonik Ltd., Japan) was used as the matrix polymer. PA1010 was made from sebacic acid and decamethylenediamine which are obtained from plant-derived castor oil [18] . Hemp fiber (HF, ϕ50-100 μm, Hemp Levo Inc., Japan) was used as a reinforcement fiber. The volume fraction of fiber V f was fixed with 20 vol.%. HFs were precut into 5mm-long pieces and were surface-treated by two methods: (a) alkali treatment by sodium hydroxide (NaOH) solution and (b) surface treatment using aminosilane coupling agents (S1, A-1120, 3-(2-aminoethylamino) propyltrimethoxy silane, Momentive Performance Materials Inc., USA). Alkali treatment using NaOH was employed as follows: 5% NaOH solution was placed in a stainless beaker. Then chopped HFs were added into the beaker and stirred well. This was kept at room temperature for 4 h. The fibers were then washed thoroughly with deionized water to remove excess NaOH sticking to the fibers. The alkali-treated HFs by NaOH (HF-A) were dried on air for 12 h and in a vacuum oven at 80°C for 5 h. Amino silane coupling agent was used for surface treatment. The treatment of HFs with the concentration of 1 wt.% of amino silane coupling agent was carried out in deionized water and stirred continuously for 15 min. Then, the fibers were immersed in the solution for 60 min. The surfacetreated hemp fibers (HF-S1) were removed from the solution and dried in air for 12 h and in a vacuum oven at 80°C for 5 h. All the components were dried for 12 h at 80°C in a vacuum oven beforehand until the moisture level was below 0.2%, and then dry blended in a small bottle, and subsequently, the melt was mixed at 85 rpm and 220°C on a twin screw extruder (TEX-30, Japan Steel Works, Ltd., Japan). After mixing, the extruded strands of various HF/ PA1010 composites were cut into 5-mm-long pieces by the pelletizer and dried again at 24 h at 80°C in a vacuum oven. Various shaped samples for various experiments were injection molded (NS20-A, Nissei Plastic Industrial, Japan). The molding conditions were as follows: cylinder temperatures of 220°C, mold (cavity) temperature of 30°C, and the injection rate of 13 cm 3 /s. In addition, 2-mm-thick sheets were compression-molded under the conditions of 220°C, 3 min, and 5 MPa and cut into 5 mm × 40 mm × 1 mm-shaped specimen for measurement and dynamic mechanical analysis. To maintain the drying conditions of specimens for all measurements, they were kept in accordance with JIS K 6920-2 for at least 24 h at 23°C in desiccators after molding. Thermal properties such as dynamic mechanical analysis (DMA), thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC) were evaluated. The storage modulus E′, loss modulus E″, and loss tangent (tanδ = E″/E′) of the composites were measured as a function of temperature (from −100 to 200°C) using a DMA equipment (RSA3, TA instrument Japan, Inc., Japan) with a tensile fixture at a frequency of 1 Hz. Thermogravimetric analysis (TGA) was carried out in a TGA equipment (Thermo plus EVO2, Rigaku Co. Ltd., Japan). The samples used for the TGA were cut from injectionmolded coupon specimens into small pieces weighing 10 mg. TGA measurement was programmed for heating from 40 to 400°C with a heating rate of 10°C/min. The differential scanning calorimetry (DSC) was measured by a DSC equipment (DSC-50, Shimadzu Co. Ltd., Japan). The samples used for the DSC were prepared like those for TGA (5 mg). The DSC measurement was scanned from −90 to 230°C with a constant heating rate of 10°C/min.
Dynamic mechanical analysis (DMA)
First, the dynamic mechanical analysis of surface-treated hemp fiber-filled polyamide 1010 biomass composites (HF/PA1010 biomass composites) is discussed. The storage modulus E′ and loss tangent tanδ (= Loss modulus E″/ Storage modulus E′) are plotted as a function of temperature T for neat PA1010 (100%), untreated HF-filled PA1010 composites (HF/PA1010), HF treated by NaOH-filled systems (HF-A/PA1010), HF treated by amino silane coupling agent (S1)-filled ones (HF-S1/PA1010), and HF treated by NaOH and S1 filled ones (HF-A-S1/ PA1010) in Figure 1 (a) (E′ vs. T) and Figure 1 (b) (tanδ vs. T), respectively. The E′ of various HF/PA1010 biomass composites is higher than that of neat PA1010, indicating that HF has a strong reinforcing effect on the elastic properties of PA1010. The E′ of various HF/PA1010 ones in low-temperature region less than about 50°C, which is the glass transition temperature T g of PA1010, is the same level in spite of the kind of surface treatment. However, the E′ of HF/ PA1010 ones in the high-temperature region of >50°C decreases in the following sequence: HF/ PA1010 (untreated) > HF-A/PA1010 > HF-A-S1/PA1010 > HF-S1/PA1010. The tanδ curves (Figure 1(b) ) exhibit two relaxation peaks. The first peak between at 40 and 60°C represents the glass transition temperature T g of PA1010 and the composites, and the second one between −80 and −60°C shows the relaxation arising from the hydrogen bonds between the PA1010 chains [28] . The relaxation peak at the high-temperature region of the HF/PA1010 composites shifts slightly toward high temperature although various HF/PA1010 biomass composites are at the same level regardless of the surface treatment method. On the contrary, the relaxation peak at the lower-temperature region of neat PA1010 does not shift with the addition of HF; however, those of various surface-treated HF/PA1010 biomass composites are small in comparison with neat PA1010. In general, those of rigid fiber-filled polymer composites shift toward higher temperature due to the restriction on the movement of the polymer chains [28] . In short, flexible fibers such as the natural fiber employed in this study show the same tendency. The mechanisms of how the addition of HF affects the relaxation peak at the lowtemperature region of composites needs to be studied further. 
Thermogravimetric analysis (TGA)
The thermogravimetric analysis (TGA) of various surface-treated HF/PA1010 biomass composites has been discussed. Figure 2 shows the TG curves (the weight as a function of temperature T) of various HF/PA1010 biomass composites. The weight of neat PA1010 is higher than that of various HF/PA1010 biomass composites over the whole temperature range. The TG curve of various HF/PA1010 biomass composites shows the evidence of two weight loss processes, while that of neat PA1010 is only one weight loss process. The first weight loss process between 80 and 200°C is attributed to the dehydration of HF as well as the thermal degradation of lignin and hemicellulose [22, 27] . The second weight loss process at about 300°C is explained in terms of the decomposition of cellulose in HF. The TG curves of various surface- treated HF/PA1010 biomass composites decrease in the following order: HF-A-S1/PA1010 > HF-A/PA1010 > HF/PA1010 > HF-S1/PA1010. This indicates that HF treated with the combination of NaOH and amino silane (S1) is more effective for improving the heat resistance of the HF/PA1010 biomass composites.
Differential scanning calorimetry (DSC)
The crystal form of the polymer has a strong influence on the mechanical properties of the polymer composites. Differential scanning calorimetry (DSC) was employed to evaluate the effects of the surface treatment of fiber on the crystallization behavior of HF/PA1010 biomass composites. Figure 3 shows the DSC 1st heating (Figure 3(a) ) and 2nd heating (Figure 3(b) ) curves obtained at 10°C/min rate, respectively. DSC 1st heating curves in Figure 3 (a) show a melting peak each curve, although DSC 2nd heating curves in Figure 3 (b) have two melting peaks. This may be explained by the following mechanisms: it was pointed out recently by Li et. al. [29] that the appearance of multiple melting peaks in DSC run is probably due to rearrangement of the lamella since the polyamide crystals can be easily thickened by annealing. It is considered that the same phenomenon occurs for PA1010 used in this study. T m1 , which is the melting point in the lower temperature side in DSC 2nd heating curves, is attributed to the thin lamellae formed during cooling, and T m2 , which is in the higher ones, is attributed to the melting of the thickened crystals during the heating and annealing process. Parameters such as the melting point T m , T m1 , and T m2 and the heat of fusion ΔH f calculated from DSC curves for various PA1010 biomass composites are listed in Table 1 . T m in 1st heating curves shifts to lower temperatures when filled with the HF, and ΔH f also decreases when HF is filled. The effect of surface treatment of fiber on the T m and ΔH f of HF/PA1010 biomass composites has complex behavior according to the type of the surface treatment. T m of alkali treatment by NaOH (HF-A/PA1010 composites) shifts to higher temperature, while T m of surface treatment by silane coupling agent (HF-S1/PA1010 composites) shifts to lower temperature. T m of the composites surface-treated by both alkali treatment and silane coupling agent (HF-A-S1/ PA1010 composites) has the immediate value between HF-A/PA1010 and HF-S1/PA1010 composites. On the contrary, ΔH f s of HF-A/PA1010 and HF-S1/PA1010 composites are higher Viscoelastic and Viscoplastic Materials than that of HF/PA1010 composites although ΔH f of HF-A-S1/PA1010 composites is lower than that of HF/PA1010 composites. T m1 , T m2, and ΔH f in 2nd heating curves also have complex behavior, and these values basically decrease with filling the HF and alkali treatment, although the values slightly increase with the surface treatment by silane coupling agent. The behavior may be due to factors such as changes in crystal form with the alkali treatment and silane coupling agent treatment caused by changing in the interfacial interaction between HF and PA1010.
1st heating 2nd heating 
Effect of alkali treatment on dynamic viscoelastic properties of hemp fiber-reinforced plant-derived polyamide 1010 biomass composites in molten state

Introduction
The interfacial adhesion between natural fiber and matrix polymer can be enhanced and the mechanical properties of natural fiber-reinforced polymer biomass composites improved by suitable surface treatment, because the interfacial adhesion between the natural fiber and matrix polymer is generally poor as mentioned earlier. The alkali treatment (mercerization) is a chemical treatment for natural fiber, which is most commonly used to reinforce thermoplastic and thermoset [3, 4, 16, 22, 24] . An important modification resulting from the alkali treatment is the disruption of hydrogen bonding in the network structure, thereby increasing surface roughness. This treatment removes a certain amount of lignin, hemicellulose, wax, and oils covering the external surface of fiber cell wall, depolymerizes cellulose, and exposes the short length crystallites. Therefore, strong effects, such as increase of the surface roughness resulting in better mechanical interlocking and increase in the number of possible reaction sites, can be expected from this treatment. Many authors have investigated the influence of alkali treatment on the various mechanical and chemical properties of natural fiber-reinforced polymer biomass composites [3, 4, 16, 22, 24] . However, although these biomass composites undergo various flows during processing by flow molding such as injection, extrusion, and compression, generally the effect of the alkali treatment on processing properties has not been studied enough [12, 30] . It is critical to understand the rheological behavior of these biomass composites in the molten state to understand the process ability, internal microstructures, changes, and structure-property relationships of these materials so as to further enhance the mechanical, thermal, and tribological properties of all plant-derived polymer-based biomass composites. Recently, we studied the effect of surface treatment, specifically alkali treatment with silane coupling agent, on the rheological properties of these biomass composites. The purpose of this study is to report the effect of alkali treatment on the dynamic viscoelastic properties of hemp fiber-reinforced plant-derived polyamide 1010 biomass composites in the molten state under oscillatory flow. Four types of surface treatments such as (a) alkali treatment by sodium hydroxide solution (NaOH), (b) alkali treatment by sodium chlorite solution (NaClO 2 ), (c) alkali treatment by NaOH solution and surface treatment by ureidosilane coupling agent (3ureidopropyltrimethoxy silane, A-1160) (NaOH + ureidosilane), and (d) alkali treatment by NaClO 2 solution and surface treatment by ureidosilane (NaClO 2 + ureidosilane) were used for the surface treatment of hemp fiber in this study.
Materials and methods
The materials used in this study were various surface-treated hemp fiber-reinforced plantderived polyamide 1010 biomass composites (HF/PA1010). PA1010, which is made from plantderived castor oil, was used as the matrix polymer. Hemp fiber (HF, ϕ50-100 μm) was used as the reinforcement fiber. These materials are described in detail in the previous section 2.
The volume fraction of fiber V f was fixed with 20 vol.%. Hemp fibers were precut into 5-mmlong pieces and surface-treated by four types of surface treatments: (a) alkali treatment by sodium hydroxide solution (NaOH), (b) alkali treatment by sodium chlorite solution (Na-ClO 2 ), (c) alkali treatment by NaOH solution and surface treatment by ureidosilane coupling agent (S3, 3-ureidopropyltrimethoxy silane, A-1160, Momentive Performance Material Inc., USA) (NaOH + ureidosilane), and (d) alkali treatment by NaClO 2 solution and surface treatment by ureidosilane (NaClO 2 + ureidosilane). Two types of alkali treatment aqueous solutions such as sodium hydroxide solution (by NaOH) or and sodium chlorite solution (NaClO 2 ) were used as the mercerization agent. Alkali treatment by NaOH and NaClO 2 was employed as follows: 5% alkali agent solution was placed in a stainless beaker. Then chopped hemp fibers were added into the beaker and stirred well. This was kept at room temperature for 4 h. The fibers were then washed thoroughly with water to remove the excess of alkali agents sticking to the fibers. The alkali-treated fibers were dried in air for 12 h and in a vacuum oven at 80°C for 5 h. The surface treatment of hemp fibers with the concentration of 1 wt.% ureidosilane coupling agent (S3) was carried out in 0.5 wt.% acetic acid aqueous solution in which the pH of the solution was adjusted to 3.5 and stirred continuously for 15 min. Then, the fibers were immersed in the solution for 60 min. The surface-treated hemp fibers (HF-S) were removed from the solution and kept in air for 12 h and in a vacuum oven at 80°C for 5 h. All the components were dried for 12 h at 80°C in a vacuum oven beforehand until the moisture level was below 0.2%, and then dry blended in a small bottle, and subsequently the melt was mixed at 85 rpm and 220°C on a twin screw extruder (TEX-30, Japan Steel Works, Ltd., Japan). After mixing, the extruded strands of various HF/PA1010 biomass composites were cut in piece of about 5-mm long by the pelletizer, and dried again at 24 h at 80°C in a vacuum oven. In addition, 1-mm-thick sheets were compression-molded at the conditions of 220°C, 5 MPa, and 3 min, and cut into ϕ25-mm-disk shapes for rheological property measurements. The rheological properties in the molten state were evaluated by oscillatory flow testing using a parallel plate-type rotational rheometer (ARES, Rheometrix Scientific Co., USA). The diameter of the parallel plate was ϕ25 mm, and the gap between the two plates was fixed at 1 mm. Under such a gap condition, the test specimens were slightly compressed in the molten state. The angular frequency was varied from 10 −1 to 10 2 rad/s, and the strain amplitude was set as 1%. These measurements were carried out at 200-240°C. The dynamic viscoelastic properties in the molten state were evaluated by storage modulus G′, loss modulus G″, loss tangent tan δ, phase angle δ (=arctan G″/G′), complex modulus |G*|, and complex viscosity |η*|. The surface of fiber and the composites fractured cryogenically in liquid nitrogen were observed using a scanning electron microscope (SEM, JSM-6360LA, JEOL Ltd., Japan). Fiber surface roughness such as arithmetic mean estimation R a was measured using a laser microscope (VK-X200, Keyence Co., Japan). Fourier transform infrared spectroscopy (FT-IR) measurements were performed by a FT-IR spectrometer (FT/IR-6100, JASCO Co., Japan) using the attenuated total reflection (ATR) technique by a diamond prism. A total of 64 scans were taken for each sample between 400 and 4000 cm −1 , with a resolution of 8 cm −1 .
Angular frequency dependences
The dynamic viscoelastic properties of various surface-treated hemp fiber-filled plant-derived polyamide 1010 biomass composites (HF/PA1010) in molten state were evaluated by oscillatory behavior. The dynamic viscoelastic properties in the molten state are strongly dependent on the internal microstructure of the polymer composites. We shall discuss the angular frequency dependences, which is the basic variable in dynamic viscoelastic properties. Figure  4(a) shows the effects of alkali treatment on the relationship between storage modulus G′ and angular frequency ω of various HF/PA1010 biomass composites at 220°C. G′ of neat PA1010 (100%) increases with increasing ω, in agreement with the linear dynamic viscoelastic model that G′ is proportional to ω 2 (log G′ ∝ 2log ω) [31, 32] . G′ of various HF/PA1010 biomass composites shows the typical storage modulus G′ of highly filled systems (such as gel systems), indicating the "second rubbery plateau," i.e., the long-scale relaxation time [21, [31] [32] [33] [34] [35] . This behavior may be attributed to the internal structure formation such as fiber network formation, which is due to high aspect ratio of HF and the interfacial interaction between HF and PA1010. However, the slope of G′ against ω of various HF/PA1010 biomass composites in low w region changes with the type of alkali treatment and decreases in the following: Untreated > NaOH > NaClO 2 > NaOH + ureidosilane (S3) > NaClO 2 + ureidosilane (S3). Figure 4(b) shows the effect of alkali treatment on the relationship between loss modulus G″ and ω. G″ of neat PA1010 monotonically increases with an increasing ω in the whole range of ω. This is in agreement with the linear viscoelastic model that the slope of G″ is proportional to ω (log G″ ∝ log ω).
On the contrary, various HF/PA1010 biomass composites show different tendencies and the slope of G″ against w becomes small in the low w region. However, this tendency of G″ is smaller than that of G′ since G′ is a more sensitive viscoelastic function with respect to the structural changes of the composites compared G″ [36] [37] [38] . Figure 4(c) shows that the effect of alkali treatment on the relationship between the complex viscosity |η*| and ω. |η*| of neat PA1010 does not change with ω in the low ω regions, which demonstrates Newtonian behavior, and this slightly decreases with increasing ω in the high w region. On the contrary, the effect of various HF/PA1010 biomass composites rapidly decreases with increasing ω in a wide range and in magnitude orders more viscous than neat PA1010 even at high ω regions. Various HF/ PA1010 biomass composites exhibit very strong shear-thinning effect, ant the curves of |η*| vs. ω have a slope of −45°. This behavior indicates the presence of an apparent yield stress in the low ω regions.
Effect of alkali treatment
In general, dynamic viscoelastic properties such as storage modulus G′ are considered to be sensitive indicators for the quantitative analysis of morphological changes in the polymer composites as mentioned earlier. To clarify the effect of alkali treatment on the dynamic viscoelastic properties of the HF/PA1010 biomass composites, the relative storage modulus G′ r of various alkali-treated HF/PA1010 biomass composites in the low ω region (ω=0.25 rad/s) is shown in Figure 5 . Here, the relative storage modulus is given by the values of surface-treated HF/PA1010 composites divided by that of untreated ones. The values of G ′ r decrease in the following order: NaOH > NaClO 2 > NaOH + ureidosilane (S3) > NaClO 2 + ureidosilane (S3). The important findings in this results are (1) the elastic properties such as the storage modulus decreases with surface treatment by alkali and silane coupling agent, (2) the reducing ratio of G′ r of NaClO 2 is higher than that of NaOH, and (3) the combination of NaClO 2 + ureidosilane (S3) has the strongest effect on G′ r among all surface treatments in this study. The possible reasons of these phenomena are onset of selflubrication of HF, three-dimensionally oriented fiber structure formation which may reduce the storage modulus of the surface-treated HF/PA1010 biomass composites to less than that of the untreated systems, and different roles played by the alkali treatment and silane coupling agent during the processing. It is, however, difficult to establish the exact reasons in the present stage. 
Morphology and chemical analysis
To further clarify the relationship between the dynamic viscoelastic properties and internal structure formation of HF/PA1010 composites, we discuss the morphologies of these composites, which are internal structure formation such as fiber network formation and the interfacial interaction between HF and PA1010. Figure 6 shows the SEM observation results of the HF surface before/after the alkali treatment. The surface roughness of HF increases with alkali treatment. The results of measuring the average surface roughness (arithmetic average roughness R a ) using a laser microscope are R a = 3.2 mm (untreated), R a = 3.4 mm (NaOH), and R a =5.1 mm (NaclO 2 ), respectively. In particular, NaClO 2 treatment increases bumps and surface roughness significantly. These measurement results indicate that the attackability of HF differs according to the type of alkaline coupling agent. It is well known that alkali treatment promotes the disruption of hydrogen bonding in the network structure of natural fiber and removes the lignin and hemicellulose [4, 22] . Therefore, this treatment increases not only the surface roughness resulting in better unlocking but also the amount of cellulose exposed on the fiber surface, thereby increasing the number of possible reaction sites. Consequently, the interfacial interaction between fiber (HF) and matrix polymer (PA1010) (or silane coupling agent) also increases. It is essential to investigate chemical analyses such as Fourier transform infrared spectroscopy (FT-IR) in order to determine the chemical composition of the fiber surface. There have been various investigations on the effect of various surface treatments on the characterization of natural fiber surface [22, 26, 39, 40] . We shall discuss the observation of the characterization of the fiber surface using FT-IR. Figure 7 shows the FT-IR spectra of various alkali-treated HFs: 400-4000 cm −1 (Figure 7(a) ) and 1200-4000 cm −1 (Figure 7(b) ). In the case of different alkali treatments such as NaOH and NaClO 2 , the reduction of some vibrations, which are 1400-1500 cm −1 region associated with CH 2 bending of pectin, lignin, and hemicellulose, 1616 cm −1 related with benzene ring stretching of lignin, 2850-2910 cm −1 region associated with CH 2 stretching of Wax and C-H stretching of polysaccharides, and 3200-3600 cm −1 region corresponded with OH stretching of polysaccharides, is observed [22, 26, 39] . In particular, the peak at 1710 cm −1 is attributed to the C=O stretching of the acetyl groups of hemicellulose [26, 39] . The removal of hemicellulose from the fiber surfaces causes the peak to disappear [22, 26] . On the contrary, the FT-IR spectra of surface treatment by ureidosilane (S3) present some clear peaks, which are 1710 cm −1 corresponding with C=O stretching, 2850 and 2910 cm −1 related with CH 2 stretching, and 3200-3600 cm −1 region associated with OH stretching. These findings indicate the following: alkali treatment by NaClO 2 has more attackability on HF than that by NaOH. Accordingly, the former is able to completely remove lignin, wax, and hemicellulose from hemp fiber bundles and replaces more OH groups the hemp fiber surfaces. Meanwhile, the peaks at 1710, 2850, and 2910 cm −1 show the presence of silane in the surface treatment by ureidosilane (S3), although the same peak is not present in the only alkali treatment. This may be attributed to the evidence of chemical bond between fiber and the silane coupling agent. Incidentally, Khan [41] and Sgriccia [39] have reported the presence of silane in fiber, which is the peak at 766 and 847 cm −1 . However, the concentration of silane on the fiber surfaces is too small to be detected by FT-IR in this study. Furthermore, to clarify the interfacial interaction between fiber (HF) and matrix polymer (PA1010), we performed SEM observation of the fractured surface cryogenically in liquid nitrogen. Figure 8 shows SEM photographs of cryogenically fractured surface of various HF/ PA1010 biomass composites: (a) NaOH, (b) NaClO 2 , (c) NaOH + ureidosilane (S3), and (d) NaClO 2 + ureidosilane (S3). The results of the comparison of the results in Figure 8 suggest that the alkali treatment by NaClO 2 shows larger physical contact area between HF and PA1010 than that of NaOH. The morphologies of the composites surface-treated by NaOH (Figure  8(a) ) and NaClO 2 (Figure 8(b) ) show poor interaction between HF and PA1010. This indicates poor chemical contact between fiber and matrix polymer. On the contrary, the morphologies of the composites surface-treated by both alkali treatment and silane coupling agent (Figure  8(c) and (d) ) show good interaction between fiber and matrix polymer, and fiber does not leave any voids on the fracture surface. This is attributed to the chemical reaction between the ureido group in the silane coupling agent and the possible reaction site on the fiber by NaClO 2 alkali treatment. These results are attributed to the good combination between NaClO 2 and ureido- silane coupling agent (S3) for improving the rheological properties of HF/PA1010 biomass composites. These SEM image observations are in agreement with the mechanical properties such as tensile and bending results in previous report [16] .
Temperature dependence
The effects of temperature on the viscoelastic properties of various surface-treated HF/PA1010 biomass composites are discussed here. The complex viscosity |η*| of various HF/PA1010 biomass composites is plotted against the reciprocal of the absolute temperature 1/T at the angular frequency ω of 25 rad/s in Figure 9 . |η*| of all surface-treated HF/PA1010 biomass composites except for the NaOH systems is lower than that of the untreated ones. The effect of alkali treatment on |η*| of HF/PA1010 biomass composites differs for each surface treatment. In particular, NaOH + ureidosilane (S3) is most sensitive to temperature, while the untreated composites are the least. From the slope of |η*| vs. 1/T plots, the apparent activation energy E α for flow can be calculated from the following Andrade's equation:
(1) Figure 9 . Temperature dependence of complex viscosity for various HF/PA1010 biomass composites.
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where A is the constant value, R is the gas constant, and η was replaced by |η *| [12, 33] . The apparent activation energy E a of various HF/PA1010 biomass composites is listed in Table 2 .
It was found that E a increases in the following order: untreated (HF) < NaClO 2 < NaOH + ureidosilane (S3) < NaOH < pure PA1010 < NaClO 2 + ureidosilane (S3). It can be said that the fluidity of the materials increases with increasing Ea. Briefly, NaClO 2 + ureidosilane (S3) with the highest value of E a indicates high sensitivity to temperature changes. 
Influence of type of silane coupling agent on dynamic viscoelastic properties of hemp fiber-reinforced plant-derived polyamide 1010 biomass composites in the molten state
Introduction
It is important to analyze the flow/deformation behavior of high-performance natural fiberreinforced polymer biomass composites during the polymer processing and to investigate the flow mechanisms and changes in the internal structure of these biomass composites. In particular, although these biomass composites undergo various flow processes, the effect of surface treatment on the rheological properties has not been studied enough [12, 21, 34, [42] [43] [44] . Therefore, there is a need for proper rheological studies on the effect of surface treatment taking into account various factors such as type of fiber, size and size distribution, degree of agglomeration, and type of surface treatment. However, the determination of the effect of surface treatment on the interface or interphase adhesion between fiber and matrix polymer is thought to be a complicated task since these factors are interrelated. We reported the effect of alkali treatment on the dynamic viscoelastic properties of hemp fiber-reinforced plantderived polyamide 1010 biomass composites in the molten state in the preceding section. According to our survey on the previous results, the influence of the type of silane coupling agent used on the rheological properties of these biomass composites is still not well known [12] . It is therefore necessary to systematically investigate it for the further understanding of this problem. This section reports the effects of the type of silane coupling agent used on the rheological properties, which are dynamic viscoelastic properties in the molten state, investigated experimentally, for hemp fiber-reinforced plant-derived polyamide 1010 biomass composites as mentioned earlier. It discusses the dynamic viscoelastic properties in terms of various factors: angular frequency, volume fraction, various kinds of silane coupling agents, and temperature. 
Materials and methods
The materials used in this study were various surface-treated hemp fiber-filled polyamide 1010 biomass composites. Since the materials, processing, and experimental methods are similar to those mentioned in Section 3.2 other than the surface treatment by silane coupling agents, details are omitted here. Hemp fibers were previously cut into 5-mm-long pieces and surfacetreated by two types of surface treatment: a) alkali treatment by sodium hydroxide (NaOH) solution and b) surface treatment by silane coupling agents. Alkali treatment by NaOH was employed as follows: 5% NaOH solution was placed in a stainless beaker. Then chopped hemp fibers were then added in the beaker and stirred well. This was kept at room temperature for 4 h. The fibers were then washed thoroughly with water to remove the excess NaOH sticking to the fibers. The alkali-treated fibers (HF-A) were dried in air for 12 h and in a vacuum oven at 80 °C for 5 h. Three types of silane coupling agents such as aminosilane (S1, 3-(2-aminoethylamino) propyltrimethoxy silane, A-1120, Momentive Performance Materials Inc., USA), epoxysilane (S2, 3-glycidoxypropyltrimethoxy silane, A-187), and ureidosilane (S3, 3-ureidopropyltrimethoxy silane, A-1160) were used as the surface treatment agents. The treatment of hemp fibers with the concentration of 1 wt.% of the chosen silane coupling agent was carried out in deionized water (for S1) or 5 wt.% acetic acid aqueous solution (for S2 and S3, where pH of the solution was adjusted to 3.5) and stirred continuously for 15 min. Then, the fibers were immersed in the solution for 60 min. After treatment, fibers were removed from the solution and dried in air for 12 h and in vacuum oven at 80°C for 5 h. The volume fraction of fiber V f was varied with 10 and 20 vol.%/ The materials used in this section are listed in Table  3 .
Code Alkali treatment Silane coupling agent
HF-A NaOH -
HF-A-S1 NaOH Aminosilane (S1) HF-A-S2 NaOH Epoxysilane (S2)
HF-A-S3 NaOH Ureidosilane (S3) Table 3 . Code, alkali treatment and silane coupling agent used in this study.
Angular frequency dependences
The rheological properties of various surface-treated hemp fiber-filled polyamide 1010 biomass composites (HF/PA1010) in molten state were evaluated by oscillatory flow behavior. The dynamic viscoelastic properties of various surface-treated HF/PA1010 biomass composites (HF content is 20 vol.%) are plotted as a function of angular frequency ω in Figure 10 (a) (storage modulus G′) and Figure 10(b) (loss modulus G″) , respectively. The G′ of various surface-treated HF/PA1010 biomass composites shows the typical storage modulus G′ of highly filled systems, indicating the "second rubbery plateau" [21, [31] [32] [33] [34] [35] ; however, the value of G′ changes with the types of silane coupling agents used. The G′ of aminosilane (HF-A-S1/ PA1010) and epoxysilane (HF-A-S2/PA1010) is lower than that of untreated (HF/PA1010) in wide ω regions. On the contrary, G′ of ureidosilane (HF-A-S3/PA1010)-treated composites is at the same level of that of the untreated one in the low ω regions, although this is lower than that of untreated in the high ω regions. The slope of G′ in the low ω region decreases in the following order: NaOH (HF-A) < ureidosilane (HF-A-S3) < epoxysilane (HF-A-S2) < aminosilane (HF-A-S1). This may be attributed to the change of interfacial interaction between HF and PA1010 according to the type of silane coupling agent used. These behaviors differ from the dynamic viscoelastic properties of the polymer composites such as glass fiber-reinforced polypropylene composites (GF/PP), in which G′ of the surface-treated GF/PP by silane coupling agent is higher than that of untreated [21] . In general, the influence of surface treatment by coupling agents on the dynamic viscoelastic properties of the polymer composites is complex. This is because the surface treatment by coupling agents plays multiple roles simultaneously, coupling agent which improves the adhesion between the fiber and the polymer, lubricant which reduces friction, plasticizer which helps soften fiber and polymer, wetting agent which reduces the agglomeration of fibers, and additive for deforming fiber assembly easily and lowering the viscoelastic properties of the matrix polymer [21] . It is thought that the mechanisms mentioned earlier do not occur separately, and therefore it is very difficult to distinguish the factors of the coupling agent influencing the viscoelastic properties. On the contrary, loss modulus G″ of various surface-treated HF/PA1010 biomass composites is higher than that of pure PA1010; however, the effect of surface treatment by silane coupling agent on G″ of HF/PA1010 biomass composites does not differ according to the type of silane coupling agent used. This is because G′ is a more sensitive rheological function to the structural changes of the internal structure of polymer composites compared to G″. In other words, G′ is considered to be a sensitive indicator for the quantitative analysis of morphological changes in the composites as mentioned earlier. Next, the complex viscosity |η*| of various surface-treated HF/PA1010 biomass composites (HF content is 20 vol.%) is plotted as a function of angular frequency ω in Figure 10(c) . The |η*| of neat PA1010 does not change with ω in low ω region, which shows Newtonian behavior, and this slightly decreases with increasing ω in the high ω regions. On the contrary, the |η*|of various HF/PA1010 biomass composites rapidly decreases with increasing ω in a wide range. The order of magnitude is more viscous than neat PA1010 even in the high ω regions. In addition, it is interesting to note that the |η*| of all surface-treated HF/PA1010 composites by silane coupling agent shows a smaller value than NaOH-treated composites (HF-A/PA1010 composites).
Influence of volume fraction
The influence of volume fraction of fiber V f on the rheological properties of various surfacetreated HF/PA1010 biomass composites is discussed in this section. The relative complex viscosity |η*| r0 is plotted against volume fraction of fiber in Figure 11 . Here, this relative value is given by the value of various surface-treated HF/PA1010 biomass composites divided by that of neat PA1010. The |η*| r0 of various surface-treated HF/PA1010 biomass composites increases with an increasing volume fraction of fiber V f . This tendency changes with the type of silane coupling agent used. However, it is remarkably influenced by the volume fraction of fiber V f rather than its types. These results may be attributed to the internal microstructure formed by the interaction between fibers rather than the interaction between fiber and matrix polymer. In addition, it was also found that aminosilane (HF-A-S1) is the least viscous of all silane coupling agents in this study. This behavior will be discussed in the next section. 
Influence of type of silane coupling agent
To further clarify the effects of surface treatment by silane coupling agent on the rheological properties of HF/PA1010 biomass composites, the relative storage modulus G′ r of various surface-treated HF/PA1010 biomass composites is shown in Figure 12 (a) (ω=0.25 rad/s) and Figure 12 (b) (ω=25 rad/s), respectively. Here, the relative storage modulus is given by the values of surface-treated HF/PA1010 composites divided by those of NaOH-treated ones (HF-A/PA1010 composites). The values of G′ r in the low ω regions (ω = 0.25 rad/s) differ accord-ing to the type, and G′ r of aminosilane (HF-A-S1) and epoxysilane (HF-A-S2) remarkably decreases although that of ureidosilane (HF-A-S3) is almost the same as that of the NaOHtreated composites. Contrarily, the G′ r of all HF/PA1010 composites in the high ω regions (ω = 25 rad/s) is lower than that of the NaOH-treated ones and slightly decreases in the following order: ureidosilane (HF-A-S3) > epoxysilane (HF-A-S2) > aminosilane (HF-A-S1). Thus, the effect of the type of silane coupling agent used on the storage modulus of HF/PA1010 biomass composites changes with the difference in the frequency region. It is well known that the storage modulus in the low ω region is influenced by the strong interaction of fiber-matrix polymer and/or fiber-fiber and the microstructure formation by the fibers. On the contrary, this value in the high ω region is generally dominated by the matrix polymer. From the results shown above, it can be concluded that the various silane coupling agents decrease the storage modulus, and silane coupling agents used in this study play the role of the lubricant, the wetting agent, or the plasticizer, supported by the facts in Figure 12(a) and (b) . However, only ureidosilane (HF-A-S3) may play the vital role of the coupling agent which improves the interaction between fiber and matrix polymer as the G′ values of ureidosilane (HF-A-S3) are higher than those of the other systems. This tendency was also observed for the mechanical and tribological properties of these biomass composites [10, 11, 16] .The relative complex viscosity |η*| r of various surface-treated HF/PA1010 biomass composites is shown in Figure 12 (c) (ω=0.25 rad/s) and Figure 12(d) (ω=25 rad/s), respectively. Here, the relative complex viscosity is given by the values of surface-treated HF/PA1010 composites divided by that of the NaOH-treated ones (HF-A/PA1010 composites). |η*| r has the same tendency as that for G′ r . Briefly, the viscoelastic properties of HF/PA1010 biomass composites decrease with surface treatments using the silane coupling agent and are highly influenced by angular frequency. 
Temperature dependences
The influence of temperature on the viscoelastic properties of surface-treated HF/PA1010 biomass composites is discussed here. The complex viscosity |η*| of various surface-treated HF/PA1010 composites is plotted against the reciprocal value of the absolute temperature 1/T at the angular frequency ω of 25 rad/s in Figure 13 . The |η*| of all surface-treated HF/ PA1010 composites using silane coupling agent is lower than that of the NaOH-treated ones (HF-A/PA1010 composites), and the difference of the value increases with increasing temperature. The influence of temperature on |η*| of HF/PA1010 composites differs for each surface treatment using silane coupling agent. It is found that epoxysilane (HF-A-S2) is the most temperature sensitive, and ureidosilane (HF-A-S3) is the least. From the slope of |η*| vs. 1/T plots, the apparent activation energy E a for flow can be calculated from the previous Andrade's equation (1) . Figure 14 shows the apparent activation energy E a of various HF/PA1010 biomass composites. It was found that E a increases in the following order: ureidosilane (HF-A-S3) < NaOH (HF-A) < aminosilane (HF-A-S1) < neat PA1010 < epoxysilane (HF-A-S2). It can be said that the fluidity of the materials increases with increasing E a . Briefly, epoxysilane (HF-A-S2) with the highest value of E a demonstrates high sensitivity to temperature changes. This means that ureidosilane (HF-A-S3) with the lowest value of E a has stable flow processability in a wide temperature region for the HF/PA1010 biomass composites studied here. 
Complex modulus dependences
The complex modulus dependence of various surface-treated HF/PA1010 biomass composites in the molten state is discussed in this section. Figure 15 shows the phase angle δ (=arctan G ″/G′) is plotted against the absolute value of the complex modulus |G*| of various surfacetreated HF/PA1010 biomass composites. The van Gurp-Palmen plot [45] is drawing attention recently as another method for representing internal microstructures and their changes. This plot is considered to be a sensitive indicator for the time-temperature superposition, the presence of long chain branch of the polymer, gelation behavior, rheological percolation of polymer nanocomposites, etc. [45] [46] [47] . This is because the changes in the rheological properties, from which it is hard to understand the angular frequency dependence (G′-ω, G″-ω, tan δω curves), are emphasized in this δ-|G*| plot. As seen in Figure 15 , the δ-|G*| curve of neat PA1010 approaches 90° at the low complex modulus |G*|, indicating the flow behavior of viscous fluid. On the contrary, the δ-|G*| curves of various surface-treated HF/PA1010 biomass composites show the complex behavior. However, these are of minimal value. In particular, ureidosilane (HF-A-S3), which is considered to play a strong role as a coupling agent for improving the interfacial interaction between the fiber and polymer, clearly shows the minimum value. It is also the lowest value compared to other surface treatment systems.
On the contrary, the other composites which play a weak role as a coupling agent, do not show the minimum values. Thus, this δ-|G*| plot may be able to serve as an indicator for the effect of surface treatment of polymer composites. 
Conclusion
The aim of this study is to investigate the thermal properties of hemp fiber-filled plant-derived polyamide 1010 biomass composites and their dynamic viscoelastic properties of these composites in the molten state experimentally. It was found that the addition of HF with PA1010 has a strong influence on the thermal properties such as DMA, TGA, and DSC. In particular, HF is effective for improving thermal and mechanical properties. The effect of alkali treatment on the dynamic viscoelastic properties of HF/PA1010 composites in the molten state differs according to whether the alkali treatment uses the silane coupling agent or not. In particular, the viscoelastic properties (both storage and loss moduli) of NaClO 2 are higher than those of NaOH. The silane coupling agents have a remarkable influence on (1) rheological properties such as storage modulus, loss modulus, loss tangent, and complex viscosity in low angular frequency regions in the molten state, (2) temperature dependence of rheological properties, and (3) relationship between phase angle and complex modulus (van Gurp-Palmen plots). These rheological behaviors were also strongly influenced by the type of silane coupling agents used. The viscoelastic properties (both storage and loss moduli) of aminosilane and epoxysilane treated composites were lower, which those of ureidosilane-treated ones were higher than the moduli of only alkali-treated composites. Ureidosilane-treated composites were the least temperature sensitive in the surface treated composites investigated here.
